Abstract
The hydraulic properties are the relations among estimation of unsaturated hydraulic properties of soil and rock. One is the direct measurement technique that was proposed by some previous researchers (BRUCE et al.1) and GARDNER et adopted for soil, the application to rock may be difficult because of high suction force generated in the unsaturated rock specimen and the water flowing in the specimen is too much small for the accurate measurement. Another technique is so called "Inverse solution technique" and the efficiency of this inverse method to estimate the unsaturated hydraulic properties were also reported by some previous researchers (KOOL et al. 3),4), ECHING et al.5) and WATANABE et al.6)). The inverse solution method involves analytical or numerical solution of the transient flow induced under some fixed initial and boundary conditions. Several types of experiments were proposed by many researchers to generate the flow in the unsaturated soil/rock specimens that can be easily analyzed. For example, KOOL et al.3) proposed one-step outflow experiment, ECHING et al.5) and VAN DAM et al.7) used the multi-step outflow experiments.
In recent, the flow induced by the evaporation have been proposed and used for the estimation by some researchers (for example, WATANABE et al.6), ALI et al.8) and FUJIMAKI, et al.9)) Non-linear Richards's equation (RICHARDS10) have been commonly used in the analysis of unsaturated flow. The unsaturated hydraulic properties in this equation should be used and some models have been proposed for soil by previous researchers (for example, BROOKS et al.11), MUALEM12), CAMPBELL13) and VAN GENUCHTEN14)). If those models can be used as also the model for soft rock, it can be used in the inverse solution technique for estimating the unsaturated hydraulic properties as soil. et al.21) ). And it was reported that the technique is a powerful tool for estimating any parameter sets. The application of GA for the parameter estimation is also studied. The objectives of this study are the following two; 1) to study the applicability of the Campbell model to soft rock and 2) to examine on the accuracy and efficiency of GA technique for estimating the parameters in Campbell model.
Methodology
There are two major problems in the application of the inverse solution technique for the estimation of parameters as follows; 1) generation of unsaturated flow under simple initial and boundary conditions and 2) estimation of two parameters included in the Campbell model. In this study one dimensional unsaturated flow in a disk shaped rock specimen induced by evaporation from a surface was generated and GA was adopted for the parameters estimation.
2.1 Transient flow induced by evaporation As the initial condition, the disk shaped rock specimens were fully saturated by submerging in a container that is filled with distilled water and sucking air by a vacuum pump. Two types of evaporation experiments, experiment-I and experiment-II, were conducted. Experiment-I was carried out under the constant temperaturehumidity condition and experiment-II was conducted in variable temperature-humidity condition.
2.1.1 Experiment-I (under constant temperature-humidity condition) The experiment-I was carried out in a controlled temperature and humidity chamber, and evaporation rate was calculated from the weight changes of the specimen. Temperature and the humidity in the chamber were kept at 25
Both the side wall and the bottom of the disc shaped specimens were completely sealed with silicone sealant to avoid the evaporation from these surfaces. Therefore, the specimen was allowed to evaporate from the surface of the specimen and gradually dried. A schematic diagram of the experimental apparatus is illustrated in Fig. 1 . During the evaporation measurement, the weight changes of specimen are measured by an electric balance at one hour time intervals.
Then, the average evaporation rate in each one hour interval is calculated from the relative weight loss. The evaporation experiment was terminated when the weight changes of the rock specimen measured at one hour time interval is less than 0.01 g (the minimum digits of weight balance).
2. Fig. 2 . Specimens were saturated and the bottom and side walls were sealed as the same way in experiment-I.
The evaporation measurement was stopped when the evaporation rate from the top surface of specimen become the value is less than or equal to 0.1mm/day (See in Fig. 10 .b).
2.2 Basic equations of the flow induced by evaporation 2.2.1 Vapor flux from a wet soil/rock surface Both the liquid and the vapor flows in the disc shaped rock specimens are considered in the analysis. CAMPBELL15) has reported that the vapor flow from the surface of soil specimen under the external atmospheric conditions can be estimated when the initial potential evaporation rate (Ep) is known. The vapor flux (qvs) at the soil/rock surface can be written by using Ep as; where hs is the soil/rock surface humidity, and ha is the air humidity. qvs is the same as the evaporation rate. For the calculation of evaporation rate change during the experiment, the liquid and the vapor flows in the soil/rock must be taken into account.
2.2.2 Two phase flow in soil-rock (1) Liquid-phase transport The vertical liquid flow in unsaturated porous media is described by the Darcy-Buckingham equation;
(sonsor-1 and sonsor-2). When surface temperature (Ts) was not large different from air temperature (Ta), the formula approximation will not so much influence.
From these approximations, it can be said that the experiment-II
should not be performed in the field because Ta is temporally changed and Ts can not be estimated especially under the sunshine condition.
Although the experiment-II were conducted in the room, there may be possibility that the estimated Campbell's parameter values between experiment-I and experiment-II may not be completely the same values due to experimental conditions and assumptions used in the calculation. In this procedure, evaporation rates (Ec (t)) during the period of experiment are calculated on the basis of the flow equations with the assumed parameters of evaporation rates (Em(t)) and calculated evaporation rates (Ec(t)) are compared and the sum of square differences (SSD) is evaluated. When the SSD values is big, Campbell's parameters are changed and calculated again the Ec(t) and SSD. The changes of the parameters were performed by GA technique. When the sum of the square differences (SSD) is less than the critical value (Cr), the iterations are stopped. Critical value (Cr) in the inverse solution technique procedure can be defined as the minimum value of sum of the square differences (SSD) in the calculation8),25). However in this study the iterations were stopped when the SSD becomes almost constant. This technique is explained in the following section (See section 2.5).
2.5 Genetic Algorithm application to parameter estimation Genetic Algorithm (GA) has been used for parameter identification and for solving the optimization problems. HOLLAND27) developed this technique which is popularized by GOLDBERG28). GA is based on the Darwiniantype survival of the fittest strategy, and it operates through its genetic operators like selection, crossover and mutation to produce stronger individuals21). Each individual in the population represents a potential solution to problem (in this case, the combination of where Em (t) and Ec(t) are the measured and simulated evaporation rates each time step as mention in Fig. 3 . The population size (PS) is the number of individuals in a generation that are kept constant during GA calculation. Based on GA gave slow convergence. This convergence takes longer time for the optimization of SSD values with no substantial gain in the performance of GA. From these trials we decided that, the population size (PS) of 50 is to get a fast calculation and a good performance of GA in this study. Three basic genetic operators: selection, crossover and mutation are the essential procedures for producing new and unique children. In this paper, the fitness-proportional or roulette wheel selection27) is used with elitism that is a process in which the best chromosome of each generation is carried over to the next generation, to ensure that the best chromosome is saved during the evolutionary process. Various crossover techniques such as single-point crossover, two-point crossover and uniform crossover29) have been proposed by previous researchers.
In the present study, we used the single point crossover method. Mutation action was carried out to randomly flip some of the bits (changing 0 to 1 or 1 to 0) in the chromosome. The mutation keeps the diversity in the genes of population and stops it from a premature convergence. DANDY et al.34) suggested that a good performance of the GA may be obtained by using a high crossover probability (i.e. 0.5 to 1.0) and a low mutation probability (i.e. 0.001 to 0.05). However, these parameters of GA are also depending on the problems itself. Therefore, we examined many trials GA calculations for all rock specimens with different alternatives and certainly different GA parameters values for searching combination for the best performance of GA in our study. After some trials of GA calculations, we observed that the probability of crossover rate (Pc) is equal to 0.6 and the probability of mutation rate (Pm) is equal to 0.005 are get the best optimum SSD value (global minimum SSD) in the calculation and gave the good performance of GA for all rock specimens. Fig. 4 displays the flow chart of calculation in which GA is used in the inverse solution method. The process is composed of the following steps: 1. Define the number of genes in the chromosome. In this study, the numbers of genes are two and these genes are presenting the number (RN). And each gene in the chromosome is decoded to binary code (the row of 0 and 1). 4. Calculate the evaporation rate (Ec (t)) for every chromosome in the initial pool. Evaluate the sum of the square differences (SSD) and the fitness value (F) of each chromosome (See in Eq. (11)). 5. Construct the Roulette wheel (selection operator) based on the fitness of each chromosome (F). Roulette wheel randomly select the two chromosomes from the initial pool, which are called as the parent chromosomes. 6. Apply the single point crossover method (crossover operator) to the parent chromosomes in accordance with the crossover rate (Pc). One crossover point is selected randomly at the identical location in two parents. The first part (i.e. binary string before crossover point) of first parent and the second part (i.e. binary string after crossover point) of second parent are combined to form a new chromosome which is is carried out in the children chromosomes to introduce changes in genes of child chromosome (i.e., if it has 0 value it is mutated as 1 or vice versa) according to a predetermine mutation probability (Pm). The schematic diagram for single point crossover and mutation procedures are illustrated in Fig. 5 . In this study, total length of binary digits of chromosome was used as 44. 7. The four chromosomes (2 parents and 2 children) are compared to each other on their fitness values. The best two (the chromosomes having the maximum and second maximum fitness values) are sent to a new pool and other two are destroyed. When the population size (PS) of new pool is same as the initial PS (i.e. PS =50 in this study) , one generation cycle is to be complete and then GA is checked for stopping conditions. Every chromosome in the generation has different SSD values • (i.e. DSSD = SSDmax values are in the region between the maximum SSD (SSDmax) and the minimum SSD (SSDmin) in each generation. By the repetition of the GA process the difference between the maximum and the minimum SSD values become smaller in the GA calculation. However, the difference SSD value does not zero value due to the mutation 8. For stopping the GA iterations process, two criterions are used in this study. The first criterion is that the difference of SSD values (DSSD) in the generation is almost the constant. The second criterion is that, the minimum SSD (SSDmin) is less than or equal to critical value of SSD (CrSSD) (See in Fig. 6 ). In this study CrSSD was defined as the minimum values of SSD (SSDmin) that was not changed with iteration. The critical value (CrSSD) is not the same for all rock specimens. Because the value of CrSSD is changed due to the small error in evaporation measurements in experiment-I and experiment-II (See Fig. 9, 10.a and 10.b The unsaturated feature of pumice tuff specimens may be different to each other due to the difference of the sizes of pumice particles contained. Fig. 7 shows the examples of the appearance of pumice particles on the evaporated surface area between PS-5 and PS-7. The particle size in PS-5 is bigger than the PS-7. 4.2 Performance of GA In this study, GA is used for the unsaturated hydraulic properties parameters estimation. GA is well performed to minimize the sum of the square differences (SSD) during the time of evaporation measurements. Fig. 11, 12 .a and 12.b show the SSD values during GA calculation for the sandstone and the pumice tuff specimens The comparison between the measured evaporation rates and the simulated evaporation rates (solid lines) during the time of two experiments for the sandstone and pumice tuff We calculated the coefficient of determination is that, the goodness of fit statistic (RR2) is varied 0.98 to 0.99 with a mean value of 0.99 for the sandstone specimens and from 0.95 to 0.99 with the mean value of 0.97 for the pumice tuff specimens. However, there is a little difference between measured and calculated evaporation when the evaporation rates becomes very small. Small evaporation rate implies that the water content of specimen is small and the water particle is tightly kept on the mineral surface. In this region, unsaturated hydraulic properties may not be well estimated by Campbell model. On this point, whether Campbell model can be practical to apply the highly dried soft rock could be investigated in the further research.
4.3 Fitness parameters of Campbell model and estimating unsaturated hydraulic properties The best parameters of Campbell model fitting for the results of experiment-I are summarized in Table 2 . From this table, it can be noticed that the seem to be greater than the average value of pumice tuff specimens. There may be several reasons on the difference of Campbell parameters between sandstone specimens and pumice tuff specimens.
Basically Campbell model is a physical-base model which uses an analogy of average pore and particle radii distribution to the water content relations based on capillary concepts13),15). So that parameters of Campbell model mainly depends on the grain size fraction, porosity, organic carbon content, saturated hydraulic conductivity, etc. in the rock specimens. From the Table 1 it is clearly seem that, porosity and saturated hydraulic conductivity of sandstone and pumice tuff specimens are different to each other. And also the pore/particle size distribution between sandstone and pumice tuff specimens is different to each other (i.e. sandstone specimens are not include the pumice, see Fig. 7 and 8 ). For these reasons, the parameters of sandstone specimens are different from pumice tuff specimens due to because the suction force, viscosity of water, etc. are influenced with temperature. Second reason may be due to the change of relative humidity variation in the experiment-II. The relative humidity variation in the experiment-TI is much influence on the vapor flux (evaporation rate). Under the condition of the changing evaporation rates, the estimation seems not to be good. For checking the nature, we examined the difference of Campbell model's parameter values with using same rock specimen. Table 4 shows the best fitting parameters of pumice tuff specimen (PS-8) for experiment-I and experiment-II. From this table, it is clearly verified that the first parameter (b) evaluated by experiment-II is slightly smaller larger compare to experiment-I because different experimental conditions and assumptions used in the calculations. On this point, more investigation of these assumption measurements could be needed in the further studies. Fig. 13 show the unsaturated hydraulic properties (the relation between capillary head and relative hydraulic conductivity) of pumice tuff specimen (PS-8) for both experiments to examine the effect of the difference. In this figure it is clearly observed that the variation of capillary head and relative hydraulic conductivity between experiment-I and experiment-II are very small in middle to Table 4 Best fitness parameters of pumice tuff (PS-8) for Experiment-I and Experiment-II Fig. 13 Relation between capillary head and relative hydraulic conductivity of pumice tuff specimen (PS-8) for both experiments (Exp-I and Exp-II) high saturation region (i.e. between 1 and 0.3). For the reason, it can be said that the unsaturated hydraulic properties are not so much difference in the saturation region larger than 0.3. As mentioned before, the Campbell model itself may not be applied for the dried condition. The relation between capillary head (h) and relative hydraulic conductivity (k) of sand stone and pumice tuff specimen are shown in Fig. 14.a and 14 .b. In these figures, it is clearly found that the unsaturated hydraulic properties variations in pumice tuff specimens (PS) are lager than sandstone specimens (SS).
Conclusion
The major objectives of this study were; 1) the applicability of the Campbell model to the soft rock and 2) the performance of GA technique for estimating the parameters included in the Campbell model. Two transient evaporation tests (i.e. experiment-I and experiment-II) were proposed and carried out in this study by using 13 specimens of soft rock (5 sandstone and 8 pumice tuff specimens). As the result, it was clearly found that the transient change of evaporation rates could be well analyzed and calculated by the Campbell model. This fact implies that the Campbell model can be applied to soft rock as the first approximation.
And it was also found that GA can be applied for estimating the Campbell's parameters. The convergence in the parameter estimation by GA was good and it was concluded that GA is a 
